Abstract -This paper introduces the research on error modeling of a five-axis laser processing robot which has three linear axes and two rotational axes. The error models are developed based on vector/matrix notion. Homogeneous coordinate transformations are employed to represent the ideal and real linear\rotation transformations of the five-axis laser processing robot by considering small angular approximation. Position error associated function which can reflect the influence of each error origin on the positioning error of the machine tool is given to describe the transmission error of the robot in detail. Based on this method, the paper puts forward the error model of the five-axis laser processing robot.
I. INTRODUCTION
Laser processing is a modern manufacturing technique. It is a high energy beam process that continues to spread into modern industries and new applications due to its numerous advantages such as deep weld penetration and minimizing heat inputs. Multi-axis laser processing technique is becoming increasingly common among manufacturing organizations around the globe with the application of new process technology to industry [1] [2] [3] [4] . Multi-axis laser technology has become an important manufacturing process for many product categories ranging from automotive prototyping to medical component manufacturing. These complex and versatile machine tools, long established for use in the aerospace and automotive engineering sectors, are becoming to be standard equipments for many factories.
Five-axis laser processing robot, a typical multi-axis laser machine, can complete complex 3D parts manufacturing. The mechanism and machining process have become more complex for increasing linked axes, and the factors which affect the machining precision have also been multiplied. Position precision of laser focus with small scales is very important in laser processing.
The purpose of this study is to put forward an error modeling method for the five-axis laser processing robot that has three linear axes and two rotational axes. First, basic principles of the error modeling are introduced, then the error model of the five-axis laser processing robot is established based on the basic principles and at last, the conclusion of this error modeling method is drawn.
II. BASIC PRINCIPLES
Most robots are designed with the intention that all of the joints will be either prismatic or rotary, but it is physically impossible to construct a joint that will perfectly generate this type of motion. For example, most prismatic joints consist of a carriage constrained to move along a bar. Since the bar will be subject to some slight curvature or irregularities along its surface, the generated motion will not be pure prismatic as expected. These irregularities will create roll, pitch and yaw error while moving with nominal movement [5] . In this paper, we try to model the errors containing geometric and other errors in terms of mathematics.
A. Linear Transformations
When a point moves in space (Fig 1) , its location can be uniquely identified by its travel distance referring to the origin of a coordinate system. The position of the point can be expressed as a vector that can be expressed as the first three elements of the 4th column of a 4 by 4 homogenous matrix (1) .In five-axis laser processing robot, if the movements are caused by the three linear axes, the laser focus can be expressed as a distance traveled from a reference point.
The transformation H corresponding to a translation by a vector x i +y j +z k is:
where P x , P y and P z are nominal distances along X, Y and Z axes corresponding to the three main axes of a robot. This vector P has three components in three dimension of the coordinate system [5, 6] . When a tool moves around an axis, its direction and tool tip position can be uniquely defined by the angle rotated around the axis (Fig. 2) . 
C. Homogenous Coordinate Transformation
A homogeneous coordinate transformation system transfers a rigid body position and direction from one coordinate system to another coordinate system [7] . For example, if the five-axis processing robot moves along the linear axis or rotates about an axis, we can express the laser focus position of the robot by homogeneous coordinate transformations.
If the rotational/linear axes are not perpendicular to each other, although they should be, there are rotation/squareness errors around/along an arbitrary axis in the space. Though the variation is small, we cannot neglect it, because small variations in angular error give large laser focus deviation from the desired position, depending on the length of laser focus and spindle pivot distance. Homogenous coordinate transformations have been applied to this research by considering small angle approximation.
D. Homogenous Coordinate Transformation: Ideal and Real Case
For ideal robot with no geometric error, the transformation of coordinate O i -x i y i z i to O j -x j y j z j through rotating and moving can be expressed as:
where T ij is transformation matrix with respect to frame i and to frame j,
express roll, pitch and yaw with respect to frame i and to frame j respectively.
In (5), we assume that the movements and rotation are ideal, but in a real machine there are a number of geometric errors as described. For example, when the laser head moves along the X axis, the laser head can rotate around the X i , Y i and Z i axes and also, ball screw pitch error, thermal expansion etc can contribute to position error for laser focus.
There are six freedoms between two parts, so when they have relative motion there are 6 errors: ǻx ij , ǻy ij andǻz ij along X, Y and Z axes respectively; ǻĮ ij , ǻȕ ij and ǻȖ ij about X, Y and Z axes respectively. Then the error matrix can be expressed as (6). 
(6) can be further simplified by neglecting small terms, then ǻT ij can be Fig. 3 and Fig. 4 show six errors produced during the movement along X axis and rotation around X axis respectively.
We can give the expression of the transformations in real case from (5), (6) and (7): 
E. Error Analysis
Equation (7) gives the general expression of the transformation error. In this part, a new expression which can reflect the details of the error origin and correlations between errors is detailed.
1) Squareness Error:
If the X axis is not perpendicular to Y and Z axes, there will be position error in the orthogonal direction, which can be expressed by the direction cosine of the axis (with small angle assumption). Fig. 5 shows the real axis versus real axis. From  Fig. 5 , we can see that the Z axis is assumed to be ideal and the X and Y axes are allowed to be out of square. How these affect the positioning error. For example, when the laser head moves along X axis with the error as shown in Fig. 5 , it will produce error in the Y and Z directions. If the laser head moves along X axis by the distance of x, the error matrix can be expressed as (9): 2) Other Errors: Actual five-axis laser processing robots have different kinds of errors including thermal, elastic deformation of axis, vibration caused by frequent acceleration/deceleration and so on. All the errors concerned above contribute to the total positioning error in the X, Y and Z directions. The error matrix considering deformation of axis is given next to describe how the deformations of axis affect the position error.
In Fig. 6 , if the X axis is bent by gravity and other forces defined as F for all, the error matrix can be shown as (10). (11) Here g x (F), g y (F) and g z (F) are the deformation functions. Positioning errors caused by other errors can also be described as functions in detail. Next, we will give conception of the position error associated function. 
3) Error Associated Function:
In part 1) and part 2), we give the expression of the positioning errors produced by squareness and deformation of axis. The aim of this research is to establish a general method to express the error effect.
Position error associated functions described as f x , f y and f z in (12) are introduced to consummate the error matrix. Equation (12) is the general expression of the error matrix.
The specific expression of f x , f y and f z which can reflect the influence of the error origins mentioned in 1) and 2) on the positioning error can be determined by the effect of .the error origins. For example, f y equals to ǻy xy +x•k xy in (9), ǻy xy +g y (F) in (10) . The full expressions of the position error associated functions can be given as (13). f x(y, z) =effect of squareness+ effect of thermal+ effect of elastic deformation of axis+ effect of vibration+… (13)
III. ERROR MODELING FOR FIVE-AXIS LASER PROCESSING ROBOT
The error model of the five-axis laser processing robot shown in Fig.7 is established based on the principles given in part II. The second joint of the robot is also a linear axis along Z 2 axis, and then the ideal homogenous coordinate transformation can be expressed as: The second joint of the robot is also a linear axis along Z 3 axis, and then the ideal homogenous coordinate transformation can be expressed as: The third joint of the robot is a rotational axis along Z 4 axis, and then the ideal homogenous coordinate transformation can be expressed as: The third joint of the robot is a rotational axis along Z 4 axis, and then the ideal homogenous coordinate transformation can be expressed as: 
6) Error Model of the Five-axis Laser Processing Robot
An important feature of the homogeneous coordinate transformation is that the coordinates of one object with respect to several different coordinate frames can be found by a series of multiplications [11] T  T  T  T  T  T  T  T  T  T  P   45  45  34  34  23  23  12  12  01 By (31), we can find the volumetric error for the laser focus in the working space of the five-axis laser processing robot by error identification.
III. CONCLUSION
This paper develops a method of error modeling for fiveaxis laser processing robot. The error model of the five-axis laser processing robot is built based on this method. The obtained conclusion can be summarized as below:
1) The application of homogenous coordinate transform is applied in error modeling of multi-axis laser processing robot.
2) The development of position error associated function which can reflect the influence of each error origin on the positioning error of the machine tool can improve the precision of the error model.
3)
The specific expression of the position error associated function can be determined by theory or empirical formula. 4) By means of the error modeling of five-axis laser processing robot, the method introduced in this paper is proved to be effective.
